The present study investigated the object-spatial visualization and verbal cognitive styles among high school students and related differences in spatial ability, verbal-logical reasoning ability, and mathematical performance of those students. Data were collected from 348 students enrolled in Advanced Placement calculus courses at six high schools. Correlational analysis revealed that spatial ability, verbal-logical reasoning ability, and mathematical performance were significantly correlated with each other. High spatial visualizers had significantly higher spatial ability and mathematical performance scores than high object visualizers. No significant differences were found between verbalizers and high spatial visualizers in their verbal-logical reasoning ability and mathematical performance scores. Results provide support for the existence of two contrasting groups of visualizers with respect to their spatial ability.
characterizes color, vividness, shapes, or details of objects, whereas spatial imagery depicts spatial locations or relations between objects. When presented with the graph of a function and asked to draw the derivative graph, object and spatial visualizers used distinct strategies to interpret the graphs of functions. For instance, object visualizers constructed detailed images of slopes of tangent lines, but failed to transform them into derivative graphs, but spatial visualizers were able to visualize the changing slope of tangent lines as well as transform them into derivative graphs (Haciomeroglu, 2015; Haciomeroglu, Aspinwall, & Presmeg, 2010) .
Recent research studies (e.g., Thomas & McKay, 2010; Pitta-Pantazi & Christou, 2010) have also provided support for the distinction between object and spatial imagery cognitive styles. In their studies with prospective teachers, Delice and Sevimli (2010) and Sevimli and Delice (2011a; 2011b; 2011c; 2012) developed case studies to examine students' preferences for representations as they attempted to evaluate definite integrals presented in different representations. They observed that the participants relied heavily on algebraic representations to evaluate definite integrals and that their solution strategies differed from their preferences for representations. Similarly, Haciomeroglu (2015) and Haciomeroglu, Haciomeroglu, Bukova-Guzel, and Kula (2014) examined calculus students' preferred mode of processing. They concluded that cognitive abilities and preference did not correspond and that the students demonstrated strong preference for verbal (or analytic) processing. Krutetskii (1976) identified types of mathematical giftedness based on students' preferences for visual-pictorial or verbal-logical processing. According to Krutetskii, the level of mathematical giftedness is determined largely by the verbal-logical component of thinking, and the type of mathematical giftedness (i.e., visual-pictorial, verbal-logical, and harmonic) is determined largely by the strength of, and preference for, the visual-pictorial component of thinking. This assertion was supported by the findings of Suwarsono (1982) who concluded that verbal reasoning was the most significant predictor of mathematical performance of 7th grade students. Further, it was found that preference for visual processing did not correlate with mathematical performance, spatial ability, and verbal reasoning ability. Hegarty and Kozhevnikov (1999) , with 6th grade students, also found that preference for visual processing did not correlate with mathematical performance, spatial ability, verbal ability, and nonverbal reasoning ability. They concluded that object visualizers generated pictorial representations of word algebra problems and tended to have low spatial ability, and spatial visualizers generated spatial representations of algebra word problems and tended to have high spatial ability. Additionally, Lean and Clements (1981) concluded that preference for visual processing was negatively correlated with both spatial ability and mathematical performance and that verbalizers outperformed visualizers on both spatial ability and mathematical tests.
Mathematical Performance, Cognitive Ability, and Preference for Visual or Verbal Processing
Not all research, however, supports a relationship between verbal processing and mathematical performance. In particular, the findings of the studies by Bremigan (2005) , Ferrini-Mundy (1987) , and Haciomeroglu, Chicken, and Dixon (2013) appear to be in direct conflict with those of Lean and Clements (1981) and Hegarty and Kozhevnikov (1999) . Notably, they concluded that spatial visualization ability was related to calculus performance. Battista (1990) added the finding that spatial visualization ability and verbal-logical reasoning ability were significant factors of geometry achievement and geometric problem solving. Having analyzed solution strategies of elementary and middle school students to determine their preference for visual or verbal processing, Moses (1977) and Lowrie (2001) concluded that mathematical performance was related to spatial ability, but not to preference for visual processing.
However, in the studies by Galindo (1994) and Samuels (2010) , calculus performance was not related to preference for visual processing. Galindo found that, although differences between the two groups were not significant in the sections of first semester calculus students using graphing calculators, verbalizers had significantly higher calculus scores than visualizers in the sections using Mathematica or no technology. Conversely, Husch (2001) reported no significant differences in the mean ACT mathematics and calculus test scores between visualizers and verbalizers enrolled in first and second semester calculus classes. Haciomeroglu et al. (2013) concluded that verbalizers scored significantly lower than visualizers on the calculus tests, indicating that stronger preference for visual thinking was associated with higher calculus performance. The results indicated that preference for visual processing and cognitive abilities (i.e., spatial ability and verbal-logical reasoning ability) were related to calculus performance and that preference did not correlate with cognitive abilities. These results support the hypothesis that preference for visual processing, spatial ability, and verbal-logical reasoning ability are significant factors of mathematical performance and that cognitive abilities did not predict students' preference for visual or analytic processing.
Taken together, these studies suggest that research results relating visualizerverbalizer cognitive styles to cognitive abilities and mathematical performance are not conclusive. Moreover, most previous studies investigating factors underlying differences in mathematical performances focused exclusively on ability testing and failed to consider the two contrasting groups of visualizers, which may account for inconclusive research findings between cognitive styles, cognitive abilities, and mathematical performance. Therefore, this study investigated the object-spatial visualization and verbal cognitive styles among high school students and related differences in spatial ability, verbal-logical reasoning ability, and mathematical performance of those students. More specifically, the current study investigated the following questions: 1) What is the relationship between spatial ability, verbal-logical reasoning ability, mathematical performance, and object-spatial visualization and verbal cognitive styles?
2) Are there differences among students' spatial ability, verbal-logical reasoning ability, and mathematical performance that can be attributed to object-spatial visualization and verbal cognitive styles?
Method
There is a large body of research examining students' cognitive processes in mathematics, and such studies have provided insights into the relationships between cognitive abilities, cognitive styles, and calculus performance (e.g., Battista, 1990; Delice & Sevimli, 2010; Galindo, 1994; Haciomeroglu, 2015; Haciomeroglu et al., 2010 Haciomeroglu et al., , 2013 Haciomeroglu et al., , 2014 Kozhevnikov et al., 2002 Kozhevnikov et al., , 2007 Lean & Clements, 1981; Moses, 1977; Sevimli & Delice, 2011a , 2011b , 2011c , 2012 Suwarsono, 1982) . For instance, Haciomeroglu et al. (2010) and Delice and Sevimli (2010) developed case studies of students and provided comprehensive analyses of their preferences in problem-solving situations. The other researchers mentioned above, have explored the quantitative relationships between these processes in different content areas. However, there is no quantitative study examining the relationship of cognitive styles with both cognitive abilities and calculus performance. As a result, a quantitative research design was selected for this study.
Participants
The participants were 348 students who were enrolled in Advanced Placement (AP) calculus courses at six high schools in two districts in Southeastern United States at the time of the study. The sample included 208 males and 140 females. Approximately 58% of the sample were White, 17% were Hispanic, 15% were Asian, 5% were African American, and 2% were Multiracial. The remaining 3% indicated "Other" as their ethnic group.
Materials and Procedure
All students received standardized instructions and were tested in their classrooms. All participating students gave their informed consent and were debriefed at the end of the study. The paper-and-pencil tests were administered to measure spatial ability, verbal-logical reasoning ability, and cognitive styles. The students' scores on the AP calculus exam were collected from their instructors at the end of the study.
Cognitive style measures. The Object-Spatial Imagery and Verbal Questionnaire (OSIVQ) is a self-report questionnaire designed to distinguish between object visualizers, spatial visualizers, and verbalizers (Blajenkova, Kozhevnikov, & Motes, 2006; Blazhenkova & Kozhevnikov, 2009 ). The OSIVQ consists of three 15-item scales that assess object visualization, spatial visualization, and verbal cognitive styles. The items from the Object and Spatial Imagery scales are designed to assess different characteristics (e.g., vividness and colorfulness for object imagery or abstractness and sketching for spatial imagery) of images. Examples of the questions in the selfreport are as follows: "My mental images of different objects very much resemble the size, shape and color of actual objects that I have seen" (Object Imagery), and "My images are more like schematic representations of things and events rather than like detailed pictures" (Spatial Imagery). The items from the Verbal scale, on the other hand, assess the participants' preferred used of imagery versus verbal modes of thinking (e.g., "When explaining directions, I would rather give verbal explanations than make drawings or sketches"). The students read and rated the 45 items of the OSIVQ on a 5-point scale (from 1 = totally disagree to 5 = totally agree). Scoring was arranged in such a way that a low score indicated weak visualizing or verbalizing tendencies, and a high score indicated strong visualizing or verbalizing tendencies. The internal reliability coefficients of object, spatial, and verbal scales of the OSIVQ were 0.79, 0.80, and 0.76, respectively.
Cognitive ability measures. The six tests, measuring spatial ability (Cube Comparisons, Card Rotations, Form Board, and Paper Folding) and verbal-logical reasoning ability (Nonsense Syllogisms and Diagramming Relationships), are part of the KIT of Reference Tests for Cognitive Factors (Ekstrom, French, & Harman, 1976) . The scores on the tests of spatial and verbal-logical reasoning abilities were scaled and averaged to create two composite scores for each student: composite spatial ability score (SA) made up of Cube Comparisons, Card Rotations, Form Board, and Paper Folding; and composite verbal-logical reasoning ability score (VLR) made up of Diagramming Relationships and Nonsense Syllogisms. According to Ekstrom and her colleagues, logical reasoning ability refers to the ability to reason from premise to conclusion, or to evaluate the correctness of a conclusion. The four spatial ability tests are designed to measure two components of spatial ability: Spatial orientation and Spatial Visualization: Spatial Orientation refers to the ability Figure 1 . Items from cube comparisons test.
to perceive spatial patterns or to maintain orientation with respect to objects in space. Spatial visualization is defined as the ability to manipulate or transform the image of spatial patterns into other arrangements.
The Cube Comparisons Test consists of 21 items and requires the participant to view two drawings of a cube and determine whether or not the two drawings can be of the same cube (see Figure 1) . The internal reliability of the Cube Comparisons Test is 0.84 (Ekstrom et al., 1976) . The Card Rotations Test consists of 10 items, each of which presents a two-dimensional figure and eight other drawings of the same card (see Figure 2) . The participant indicates whether each of the eight cards, without reflecting, is the same or different from the original figure. The internal reliability of the Card Rotations Test is 0.80 (Ekstrom et al., 1976) . The Form Board Test consists of 24 items. Each item presents five shaded drawings of pieces and requires the participant to decide which of the shaded figures, from two to five, can be used to make the given geometric figure (see Figure 3) . The internal reliability of the Form Board Test is 0.81 (Ekstrom et al., 1976) . The Paper Folding Test consists of 10 items each of which illustrate folds made in a square sheet of paper and a hole punched in it. The participant selects one of the five drawings that show the position of the holes when the paper is completely unfolded (see Figure 4) . The internal reliability of the Paper Folding Test is 0.84 (Ekstrom et al., 1976) . The Nonsense Syllogisms Test consists of 15 items. Each item is a formal syllogism, in which statements are nonsense and cannot be solved by reference to past learning (see Figure 5 ). The participant determines whether or not conclusions drawn from the statements show good reasoning. The internal reliability of the Nonsense Syllogisms Test is 0.64 (Ekstrom et al., 1976) . The Diagramming Relationships Test consists of 15 items. In each item (see Figure 6 ), three groups of things (e.g., objects, animals) are given, and the participant selects one of five diagrams, which shows the correct relationships among the three groups. The internal reliability of the Diagramming Relationships Test is 0.79 (Ekstrom et al., 1976) . Mathematical performance measures. The students' scores on the AP calculus exam were included in our analyses. The AP calculus exam is an important standardized test. High school students who perform well can earn college credit and advanced placement. The exam covers differential and integral calculus topics, with scores reported on a 5-point scale (5 is the highest and 1 is the lowest). The AP exam has two sections (multiple choice and free response), which are equally weighted in computing total scores. The multiple-choice section has two parts: Part A consisting of 28 questions does not allow the use of a graphing calculator, and Part B consisting of 17 questions requires the use of a graphing calculator. The free-response section also has two parts: Part A of the free response section (two problems) requires the use of a graphing calculator, and Part B (four problems) does not allow the use of a graphing calculator. The number of students for whom AP exam scores were available was 335. Therefore, results are based on the most available data in this study.
Results
Means and standard deviations for each measure appear in Table 1 . Pearson product-moment correlations between these measures are shown in Table 2 . OSIVQ Spatial scores were negatively correlated with OSIVQ Object and Verbal scores. SA, VLR, and OSIVQ Spatial scores were positively correlated with AP scores, whereas OSIVQ Object and Verbal scores were negatively correlated with AP and SA scores, respectively. 
Comparisons within Object Visualization, Spatial Visualization, and Verbal Cognitive Styles
The students were divided into three groups with respect to their scores on each scale of the OSIVQ: low (scores in the bottom of 25% of the distribution), average (scores in the middle 50%), and high (scores in the top 25%). Next, spatial ability, verbal-logical ability, and AP exam scores of the three groups within each cognitive style were compared. Table 3 presents the distribution of students with low, average, and high scores on object, spatial, and verbal scales of the OSIVQ. This approach has been used in previous studies (Kozhevnikov et al., 2002 (Kozhevnikov et al., , 2007 because the students with a score in the middle 50% tend to employ both object and spatial imagery when solving a mathematical problem, and the students with a score in the top 25% were more likely to be spatial or object visualizers. A one-way between-groups multivariate analysis of variance was performed to investigate the differences in cognitive abilities and mathematical performance in calculus (AP). The independent variables were object, spatial, and verbal cognitive styles as assessed by the OSIVQ. The dependent variables were spatial ability (SA), verbal-logical reasoning ability (VLR), and AP exam scores. When the students were classified according to their OSIVQ Object scores, there was a statistically significant difference between low, average, and high object visualizers on AP and SA scores, F (6, 662) = 3.76, p < .01; Pillai's Trace = .07; partial eta squared = .03. Therefore, separate ANOVA analyses on these variables were performed (see Tables 4 & 5) . Low (M LowObject = 3.18, SD LowObject = 1.56, p < .01) and average (M AverageObject = 2.98, SD AverageObject = 1.47, p < .01) object visualizers had significantly higher mean AP scores than high object visualizers (M HighObject = 2.30, SD HighObject = 1.47). On Spatial Ability (SA scores), average object visualizers (M AverageObject = 0.52, SD AverageObject = 0.16, p < 0.01) had a significantly higher mean score than high object visualizers (M HighObject = 0.45, SD HighObject = 0.14). Low object visualizers (M LowObject = 0.49, SD LowObject = 0.16) did not differ significantly from the other groups on SA scores. When the students were classified according to their OSIVQ Spatial scores, MANOVA indicated significant differences between low, average, and high spatial visualizers regarding their AP and SA scores, F (6, 662) = 6.38, p < .01; Pillai's Trace = 0.11; partial eta squared = 0.06 (see Tables 6 & 7) . High spatial visualizers (M HighSpatial = 3.27, SD HighSpatial = 1.60) had a significantly higher mean AP score than low spatial visualizers (M LowSpatial = 2.49, SD LowSpatial = 1.47, p < .01). The average spatial visualizers (M AverageSpatial = 2.83, SD AverageSpatial = 1.49) did not differ significantly from the other groups on AP exam scores. On Spatial Ability (SA scores), high spatial visualizers (M HighSpatial = 0.56, SD HighSpatial = 0.15) had a significantly higher mean score than average (M AverageSpatial = 0.49, SD AverageSpatial = 0.16, p < .01) and low (M LowSpatial = 0.43, SD LowSpatial = 0.13, p < .01) spatial visualizers. Average spatial visualizers had a significantly higher mean SA score than low spatial visualizers (p < .01). When the students were classified according to their OSIVQ Verbal scores, MANOVA indicated significant differences between low, average, and high verbalizers regarding their SA and VLR scores, F (6, 662) = 3.4, p < .01; Pillai's Trace = 0.06; partial eta squared = 0.03 (see Tables 8 & 9 ). When the results for SA and VLR scores were considered separately, the only difference to reach statistical significance was spatial ability (SA scores). An examination of the mean scores indicated that low verbalizers (M LowVerbal = 0.53, SD LowVerbal = 0.16) had a significantly higher mean SA score than average (M AverageVerbal = 0.48, SD AverageVerbal = 0.15, p = .04) and high (M HighVerbal = 0.48, SD HighVerbal = 0.15, p = .03) verbalizers. There was no significant difference in SA scores between average and high verbalizers. Comparisons between Low-average Visualizers, High Object Visualizers, High Spatial Visualizers, and Verbalizers The students were first divided into two groups using the median score on the verbal scale of OSIVQ. The students with a score above the median were identified as verbalizers (n = 167), and those with a score below the median as visualizers (n = 166). Fifteen students with the median score were excluded from this analysis. Next, using the OSIVQ Object and Spatial scores, the visualizers were divided into two subgroups: high object visualizers (n = 33) with OSIVQ Object scores in the top 25% of the distribution, high spatial visualizers (n = 32) with OSIVQ Spatial scores in the top 25%, and low-average visualizers (n = 90) with OSIVQ Object and Spatial scores in the bottom 75%. Eleven visualizers, who had object and spatial scores in the top 25% of the distribution, were excluded from this analysis. Instead of a median split, a stricter cut-off point was used because the primary goal was to compare the students with unusually high OSIVQ Object and Spatial scores.
MANOVA indicated significant differences between the four groups on AP, SA, and VLR scores, F (9, 915) = 4.46, p < .01; Pillai's Trace = 0.13; partial eta squared = 0.04. Since the homogeneity of variance assumption was not met with AP exam scores, Welch's one-way ANOVA test was used instead (see Table 10 ). This showed that high object visualizers (M = 1.88, SD = 1.19) had a significantly lower mean AP score than high spatial visualizers (M = 3.0, SD = 1.69, p = .01), verbalizers (M = 2.94, SD = 1.56, p < .01), and low-average visualizers (M = 2.88, SD = 1.36, p < .01), F (3, 87.61) = 7.08, p < .01.
There was a statistically significant difference in SA scores for the four groups: F (3, 318) = 5.58, p < .01. High spatial visualizers (M = 0.59, SD = 0.17) had a significantly higher mean SA score than low-average visualizers (M = 0.50, SD = 0.15, p = .03), high object visualizers (M = 0.47, SD = 0.13, p = .01), and verbalizers (M = 0.47, SD = 0.16, p < .01). 
Discussion
This study examined differences in spatial ability, verbal-reasoning ability, and mathematical performance in calculus associated with differences in cognitive styles. The correlational matrix revealed that spatial ability, verbal-logical reasoning ability, and calculus performance (or AP exam) scores were significantly correlated with each other. Spatial visualization cognitive style was positively related to spatial ability and calculus performance, whereas object visualization cognitive style did not correlate with spatial ability and was negatively related to calculus performance. The results support the conclusions of Battista (1990) , Bremigan (2005 ), Ferrini-Mundy (1987 , Haciomeroglu et al. (2013), and Lowrie (2001) , but contradict those of Lean and Clements (1981) and Suwarsono (1982) , who reported no significant relationship between spatial ability and mathematical performance. Both Kozhevnikov et al. (2002 Kozhevnikov et al. ( , 2005 and Pitta-Pantazi and Christou (2010) observed differences between object and spatial visualizers in their performance on spatial and geometric tasks. The correlations of object-spatial visualization cognitive styles with calculus performance and spatial ability confirm these observations on cognitive style-related differences in spatial ability and mathematical performance.
When the students were classified as low, average, and high object visualizers, although some differences were not significant, high object visualizers had the lowest mean scores in spatial ability and calculus performance. Low and average object visualizers had significantly higher calculus performance scores than high object visualizers. Average object visualizers also had significantly higher spatial ability scores than high object visualizers. However, when the students were classified as low, average, and high spatial visualizers, significant differences resulted in spatial ability and calculus performance scores in favor of high spatial visualizers. Although some differences were not significant, high spatial visualizers had the highest mean scores in spatial ability and calculus performance. High spatial visualizers had significantly higher calculus performance scores than low spatial visualizers and had significantly higher spatial ability scores than low and average spatial visualizers. When the students were classified as low, average, and high verbalizers, there were no significant differences between low, average, and high verbalizers in verbal-logical reasoning ability and calculus performance scores. As expected, low verbalizers had significantly higher spatial ability scores than average and high verbalizers. These findings suggest that the three cognitive styles (i.e., object visualizers, spatial visualizers, and verbalizers) underlie different cognitive processes, and thus, provide support for the existence of two contrasting groups of visualizers with respect to their spatial ability: spatial visualizers of high spatial ability and object visualizers of low spatial ability (Kozhevnikov et al., 2002 (Kozhevnikov et al., , 2005 .
The conclusions from comparisons within object visualization, spatial visualization and verbal cognitive styles are only part of the answer to understanding how students differ in cognitive abilities and mathematical performance. Thus, comparisons between the cognitive styles were made using analysis of variance (ANOVA) on spatial ability, verballogical reasoning ability, and calculus performance scores. Results showed that high spatial visualizers had significantly higher spatial ability and calculus performance scores than high object visualizers. Verbalizers had significantly higher calculus performance scores than high object visualizers, and significantly lower spatial ability scores than high spatial visualizers. There were no significant differences between verbalizers and high spatial visualizers in their verbal-logical reasoning ability and calculus performance scores. Despite reaching statistical significance, the effect size for the significant difference between verbalizers and high object visualizers in verbal-logical reasoning ability scores was small. The results support the findings of Hegarty and Kozhevnikov (1999) and Kozhevnikov et al. (2002) , who reported that visualizers are not a homogeneous group with respect to their spatial ability, but contradict those of Galindo (1994) and Lean and Clements (1981) , who reported significant differences favoring verbalizers in performance on spatial or mathematical tests. It should be noted that Galindo used the Mathematical Processing Instrument (MPI, Suwarsono, 1982; Presmeg, 1985) as a measure of preferred mode of processing. The MPI, which consists of algebra word problems and a corresponding questionnaire, is not an appropriate measure of preference in a research study examining the relationship between calculus performance and preference for visual processing because visual processes involved in solving calculus tasks may not be fully captured by a questionnaire associated with algebra problems. Further, the differences in findings of these studies may have been associated with the use of different populations. In this study, the students were volunteers enrolled in AP calculus courses at high schools, and the results may not be generalizable to students at different levels.
Differences in mathematical performance and cognitive abilities favoring verbalizers have been reported by a number of researchers (e.g., Galindo, 1994) . In some studies where students were identified as either visualizers or verbalizers with respect to their preference for visual or verbal processing, researchers found no relationship between preference for visual processing and mathematical performance, and verbalizers outperformed visualizers even on spatial tasks (e.g., Lean & Clements, 1981) . As Kozhevnikov et al. (2002 Kozhevnikov et al. ( , 2005 have noted, the visualizer-verbalizer classification is too general because visualizers actually consist of two distinct groups who differ in processing spatial information. It is possible that the two contrasting groups of visualizers, which were not taken into account in previous studies, was a factor resulting in the misleading conclusions that preference for visual processing was not related to mathematical performance and that verbalizers outperformed visualizers on mathematical and spatial tasks. This possibility is supported by the results of this study. A different pattern of results was obtained in this study when the visualizers were divided into two groups according to their preference for object or spatial processing.
The present study focused specifically on the relationship between cognitive styles, cognitive abilities, and mathematical performance in calculus. There were no classroom observations to examine possible effects of instruction or interactions between teachers and students. Although the results have shed light on individual differences in cognitive abilities and mathematical performance associated with cognitive styles and helped to explain why previous studies found no relationship between visualization and mathematical performance, further research is required to investigate how visual processing differs between students. In particular, how interactions between teachers and students, affective and personal variables, and classroom instruction foster different types of visualization requires further examination.
